A resurgence in the use of the donor-acceptor approach in synthesizing conjugated polymers has resulted in a family of high-mobility ambipolar systems with exceptionally narrow energy bandgaps below 1 eV. The ability to transport both electrons and holes is critical for device applications such as organic light-emitting diodes and transistors. Infrared spectroscopy offers direct access to the low-energy excitations associated with injected charge carriers. Here we use a diffraction-limited IR microscope to probe the spectroscopic signatures of electron and hole injection in the conduction channel of an organic field-effect transistor based on an ambipolar DA polymer polydiketopyrrolopyrrole-benzobisthiadiazole. We observe distinct polaronic absorptions for both electrons and holes and spatially map the carrier distribution from the source to drain electrodes for both unipolar and ambipolar biasing regimes. For ambipolar device configurations, we observe the spatial evolution of hole-induced to electron-induced polaron absorptions throughout the transport path. Our work provides a platform for combined transport and infrared studies of organic semiconductors on micron length scales relevant to functional devices.
I. INTRODUCTION
Organic semiconductors continue to evolve as a viable and attractive alternative to conventional silicon-based electronics [1] . Much effort is being devoted to reducing and tuning energy bandgaps between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) levels in π -conjugated polymers to improve performance [2] [3] [4] . Specifically, the donor-acceptor (DA) approach to synthesizing polymers has led to a new generation of high-mobility ambipolar systems, a necessary precondition for many transistor, photovoltaic, and light-emitting device applications [5] [6] [7] [8] . Recently, DA polymers based on acceptor benzobisthiadiazole (BBT) [7, 9, 10] and donor diketopyrrolopyrrole (DPP) [10] [11] [12] [13] [14] [15] have demonstrated strong ambipolarity as well as exceptionally low optical energy bandgaps as small as 0.5 eV [11] . The highest field-effect mobilities in these systems have surpassed 1 cm 2 V −1 s −1 for both electrons and holes [5, 11] . Despite much recent progress, however, there remains an incomplete understanding of the fundamental nature of charge transport and dynamics, especially in DA systems that accommodate both types of carriers.
Infrared and optical spectroscopy is a valuable tool for probing the fundamental charged excitations in conducting polymers [16, 17] . Spectroscopic probes have direct access * okhatib@physics.ucsd.edu to microscopic details of the electronic states without interference from extrinsic effects that often complicate electrical measurements of field-effect devices, such as contact resistance [1, 18] . The electronic structure of these quasi-onedimensional systems is significantly modified by the presence of additional charges, giving rise to localized states in the forbidden energy gap. The optical transitions to these subbandgap states characterize the nature of the mobile charge carriers in organic semiconductors. Indeed, polaronic absorption in polymers is very well established [16, 17, [19] [20] [21] [22] [23] . However, very few studies thus far have explored spectroscopically both electron and hole polarons in the same system, made possible by the emergence of ambipolar DA polymers. In recent work on homopolymer polyselenophene [24] using charge-modulation spectroscopy (CMS), Chen et al. studied the origin of the different transport characteristics of electrons and holes in a semicrystalline ambipolar polymer. Similar charge-induced absorptions, in the near-IR just below the bandgap, were observed for both types of carriers [24] . Such extensive studies for ambipolar copolymer systems, where the choice of donor and acceptor molecules can lead to widely varying electron/hole properties, are still lacking.
Previously, we investigated the infrared response of a new generation of small-bandgap DA copolymers [25] based on BBT. In this work, we expand on these studies with a highmobility narrow-gap DA system polydiketopyrrolopyrrolebenzobisthiadiazole (PDPPBBT). Using infrared spectroscopy, we observe distinct electronic absorptions for electron and hole polarons accumulated in electrostatically doped PDPPBBT. Further, using a diffraction-limited IR microscope, we register the evolution of the dynamic IR response along the conduction channel during device operation. In conjunction with IR measurements, we measure organic field-effect transistor (OFET) transport in situ. We are thus able to directly link macroscopic transistor behavior to the microspectroscopic signatures of electrons and holes in the polymer. Based on the peak position and strength of the IR absorptions, we are able to image the charge density throughout the transistor channel. We create a spatial map of the carrier distribution for several biasing configurations spanning unipolar electron and hole operation, as well as ambipolar device regimes, where both electrons and holes coexist in the transport path. The coexistence of electrons and holes in a single polymer layer forms the basis for emission in devices such as organic light-emitting diodes (OLEDs) and transistors (OLETs). Diffraction-limited IR microscopy offers access to spatial and energy scales characteristic of the electronic excitations responsible for charge transport in functional materials. Our experimental approach sets the stage for combined transport/optics studies of the low-energy physics of polymers and molecular crystals on micron length scales important to practical devices. Fig. 1(a) ] was synthesized via Suzuki coupling between the donor (DPP) and acceptor (BBT) moieties following a well-established procedure [9, 11] . Thin polymer films were spin coated onto IR-transparent 20-30 cm n-doped Si wafers, serving as the back gate, with a 300-nm SiO 2 ( = 3.9) gate insulator. Electrodes were patterned using standard photolithography and were formed with e-beam evaporation of 3 nm of nickel followed by 47 nm of gold. Substrate surfaces were passivated with decyltrichlorosilane (DTS) before polymer deposition to lower the density of interfacial trap states.
II. EXPERIMENTAL DETAILS

PDPPBBT [
Source and drain contacts were patterned in an interdigitated device structure with a channel width of 17 mm and length of 200 μm, allowing for spectroscopic monitoring of the gate-induced changes in the IR transmission/reflection on diffraction-limited length scales (detailed below). Transistor measurements and electrical characterization of devices were obtained with dual Keithley 2400 Sourcemeters. Figure 1 (b) shows a schematic of the experimental setup. Infrared spectra were acquired using a diffraction-limited IR microscope (Bruker LUMOS). Broadband light from a SiC Globar source is focused onto the sample surface using an 8× Schwartzchild objective. In reflection mode, the return path of the reflected IR beam is along the other half of the objective, while transmission mode uses a bottom illumination configuration [ Fig. 1(b) ]. The transmitted/reflected IR light is then focused onto a small-area (d = 100 μm), midband (650-6500 cm −1 ) HgCdTe (MCT) detector. In all measurements, we observe similar behavior in IR transmission and reflectance; however, in this work we only report transmission data.
The minimum beam size is determined by an optically transparent, IR opaque software-controlled motorized knifeedge aperture. For electrostatic IR measurements (V DS = 0 V), data were recorded with a spectral resolution of 8 cm −1 and a beam width spanning the distance between the source and drain electrodes (200 μm). For microscopy, the beam size and spectral resolution were reduced to 20 μm and 16 cm −1 , respectively. The motorized stage was translated in increments of 20 μm between the source and drain to map out the microscopic IR response during device operation.
To observe gate-induced effects in OFETs, we adapted an Oxford microcryostat (MicrostatHe2) to fit the microscope stage, allowing us to perform repeated IR and transport measurements in high vacuum and low temperature if desired. This was necessary to minimize carrier trapping in the devices, especially for electron transport as we detail below, and achieve a high signal-to-noise ratio. All data reported here were obtained at a pressure of 10 −6 mbar and at room temperature. The cryostat was fitted with 1.5-mm thick IR-transparent KBr windows and Manganin wires for electrical connections. The entire microscope was encapsulated in a nitrogen purge box.
We note here that introduction of thick windows into the optical path of the microscope shifts the focus of the IR beam. Since the index of refraction of KBr is spectrally flat from the mid-IR through the visible energy range, we do not 235307-2 expect a discrepancy between the IR and visible focus. For transmission measurements (bottom illumination) we adjusted the microscope condenser to account for both the KBr window and thick Si substrate. Our ability to resolve spectral shifts on 20 μm length scales affirms the validity of our adjustments.
Broadband transmission and absorption spectra were acquired using a Bruker Vertex v70 Fourier transform IR (FTIR) spectrometer. A liquid-helium-cooled Si bolometer, MCT, and InSb detector were used for far-, mid-, and near-infrared measurements, respectively. Broadband IR measurements were performed utilizing a high-vacuum cryostat (Janis Research Company) modified to fit inside a 4x beam condenser (Pike Technologies). The cryostat was equipped with thin (80 μm) polypropylene windows to ensure maximum transparency throughout the entire IR-visible frequency range with minimal absorptions.
III. RESULTS AND DISCUSSION
A. Transport Figure 2 shows the in situ output characteristics of the PDPPBBT OFET prepared for IR microscopy. We observe typical ambipolar transport behavior [26, 27] : diodelike evolution of the drain current at low to moderate gate voltages and strong electron or hole saturation currents at higher gate bias. Charge carrier mobilities were calculated in the saturation regime during unipolar operation via the standard equation [1] 
For the device characteristics shown in Fig. 2 , the extracted room-temperature electron and hole mobilities were μ e = 0.04 cm 2 V −1 s −1 and μ h = 0.02 cm 2 V −1 s −1 , respectively. Electron transport comparable to or stronger than holes is often seen in the DPP family of copolymers [11] , consistent with our extracted values. However, these values are quite low compared to typical DPP-based OFETs, which often have electron and hole mobilities surpassing 1 cm 2 V −1 s −1 [5, [12] [13] [14] [15] . We attribute the low field-effect mobility of the device studied here to a very high density of charge traps at the oxide interface, typically the result of exposure to ambient air and water moisture. The finite time required to mount and wire the sample in the microcryostat (roughly 30 min) in a quasipurged environment ensures a small amount of inevitable exposure to ambient air, leading to a higher trap density.
We found severe carrier trapping for both electron and hole injection, indicative of bias stress: the trapping of injected charges, likely to occur at the semiconductor/dielectric interface [28] [29] [30] . Bias stress results in many trapped charges screening the applied electric field and a subsequent shift in the threshold voltage as a function of time [24] . The manifestation of trapping in the IR measurements, where repeated voltage applications are necessary, is discussed later. We were able to mitigate spurious effects of charge trapping by reversing the applied bias between measurements. This was confirmed by remeasuring I -V characteristics and monitoring the leakage current. We emphasize the importance of maintaining a very low pressure environment (10 −6 mbar in our experiments) by using a cryostat to minimize the role of trapping. The solid lines at higher energies represent averaged curves overlying raw experimental data. The top inset shows the strength of peak absorption (ω h = 3413 cm −1 , ω e = 3981 cm −1 ) as a function of gate voltage V GS . The bottom inset shows a schematic of allowed optical transitions for a single (a) hole and (b) electron polaron state, as well as the neutral π -π * absorption between the HOMO and LUMO. Based on the peak energies in the experimental data, we ascribe the associated hole and electron absorption bands to the P + 2 and P − 1 transitions, respectively. 235307-3 spectra (i.e., absorption):
B. Infrared spectroscopy (electrostatic charge injection)
where T (ν) is the absolute IR transmission. The color scheme adopted previously [25] and used throughout this paper labels positively charged (hole) excitations with red curves and negatively charged (electron) excitations with blue curves. In this electrostatic configuration, the source-drain bias is zero, resulting in a large uniform spatial distribution of holes (electrons) in the channel for V GS < (>) 0 V. At high gate voltages, we find strongly resonant IR absorptions associated with both injected electrons (V GS = +120 V) and holes (V GS = −120 V). At low energies, an absorption tail extends to just below 2000 cm −1 , with several sharp peaks superimposed. In the range 2000-5500 cm −1 , we observe very broad absorption bands, while at higher energies the absorption drops below zero (indicating a significant increase in IR transmission).
The low-energy gate-induced increase in absorption is understood to be dominated by the free-carrier response in the Si substrate, while the large feature at 1100 cm −1 is attributed to the SiO 2 oxide layer [22, 23] . The smaller peaks superimposed on the substrate absorption, however, are infrared-active vibrational modes (IRAVs). These are symmetric Raman modes in the polymer made IR active by coupling to injected charges [22, [31] [32] [33] . IRAVs are most evident in the absorption spectra for the hole-doped polymer (red curve in Fig. 3) where the substrate interference in minimal but are otherwise too difficult to discriminate from the background and are only briefly discussed.
The broad absorption bands from 2000 cm −1 are attributable to polarons: a result of adding free carriers to a neutral polymer chain. Polarons are formed when injected charge carriers distort the local bond arrangement of the polymer backbone, creating an energy well and resulting in self-localization. These energy minima create bound states in the bandgap, leading to the characteristic subgap absorption features. The bottom inset in Fig. 3 shows a schematic of the optical transitions for a single positive [ Fig. 3(a) ] or negative [ Fig. 3(b) ] charge added to a polymer chain, as well as the neutral HOMO-LUMO transition. The difference in energy between the polaronic states and the HOMO and LUMO orbitals indicates the energy gained by the system from the geometrical relaxation associated with the lattice distortion [19, 34, 35] .
IRAV and polaron spectral features are a hallmark of conducting polymers and are very well understood in the context of both electrochemical and electrostatic doping [7, 10, 19, [34] [35] [36] [37] [38] [39] . The decrease of the gate-induced change in absorption below zero at energies just above the polaronic response is indicative of polymer bleaching. Indeed, the population of charged molecules increases with doping at the expense of the neutral π -π * absorption (bottom inset in Fig. 3 ) that defines the optical energy gap.
To closely examine the gate-induced modification of PDPPBBT near the polymer absorption edge, in Fig. 4 we show similarly obtained differential transmission spectra for a separate device recorded in a broadband FTIR spectrometer. Gate-induced absorption spectra (blue and red curves) are superimposed on a linear absorption spectrum for a thin film of PDPPBBT deposited on a KBr substrate (black curve).
The neutral polymer absorption in Fig. 4 reaches a maximum near 1 eV. The optical energy gap is typically obtained by linear extrapolation of the low-energy end of the primary absorption band [40] . Here we extracted an optical gap of 0.60 eV. We note that our estimated gap value is in agreement with previous absorbance and cyclic voltammetry measurements, where the electrochemical gap between the HOMO and LUMO levels was also estimated to be 0.65 eV [11] .
It has been suggested that the lowest excited state in PDPPBBT is an intramolecular charge transfer (ICT) state, as opposed to a π -π * transition [41] . Previous density functional theory (DFT) calculations for BBT-based DA polymers predict a lowest-lying excited-state energy of 0.5 eV, providing a low onset of optical absorption [7] . Molecular orbital distributions show a HOMO that is delocalized across the entire DA molecule, while the LUMO is relatively localized on the donor, indicating some degree of intramolecular charge transfer during copolymerization [13, 41] . The lowest-energy absorption band in absorbance spectra, however, has a larger oscillator strength than subsequent excited-state transitions, indicating that it is likely dominated by π -π * character [11] . Further, an ICT state or CT exciton would likely result in a large dipole moment. Under a strong applied electric field, a significant Stark shift would manifest in the spectra near the absorption edge, as seen previously in electroabsorption measurements [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . We do observe some additional structure in the bleached absorption above the band edge in 235307-4 Fig. 4 . Electroabsorption measurements are typically fit to first-or second-derivative spectra to determine the origin of the band edge shifts. In charge modulation experiments, however, spectroscopic signatures of electroabsorption often show up as shoulders atop other electronic absorptions [24, 52] . Given the smaller energy scale dictated by the midgap bound states and the polymer absorption edge, we cannot distinctly discriminate Stark-related features from the polaron or neutral absorption. We do note the lack of a significant temperature dependence on both the strength and structure of the field-induced excitations. Further, an extended discussion of the Stark effect is beyond the scope of this work.
We ascribe the field-induced subgap absorptions to the P 2 + and P 1 − transitions for hole and electron polarons, respectively. The weaker bleaching of the neutral absorption near the bandgap under positive gate voltage is likely because some of the increase in transmission is offset by the high-energy tail of the electron polaron absorption occurring concurrently. The strength of the absorption decreases linearly with applied gate bias, shown in the top inset of Fig. 3 .
We find a significant difference in absorption energies between electrons and holes in the IR spectra in Fig. 3 . The electron polaron absorption (blue curve) has a peak energy of 3981 cm −1 , while the hole polaron (red curve) peak occurs at 3413 cm −1 . The difference in polaronic peak energies is interesting in that it reflects an intrinsic asymmetry in the electron and hole wave functions in the polymer structure. In DA polymers, the degree of ambipolarity is intimately tied to the constituent donor and acceptor moieties. As different molecules are substituted into the copolymer structure, the HOMO and LUMO energy levels can shift significantly, affecting the bandgap, environmental stability, and band offsets determining the charge injection properties for various metal contacts [2] [3] [4] [5] [6] [7] 11] . Electronic transport, especially, is extremely sensitive to the choice of donor. The emergence of high-mobility DA polymers with strong electron and hole transport is a result of both HOMO and LUMO electron orbitals that are often well delocalized over the entire DA molecule [6, 7] .
We can infer from the difference in peak energies that the electron polaron states are more weakly bound and lie slightly closer in energy to the extended states than the hole polarons. This is also reflected in the higher electronic mobility we observe in transistor characteristics in Fig. 2 and much higher drain current for a given gate voltage compared to that of holes. Our observations are consistent in general with the strong electron transport commonly observed in DPP-based copolymers. Slight shifts occur in the absorption peak energies for lower gate voltages, but these are much smaller than the energy difference between electron and hole polarons. Additionally, although plagued by a large background, the n-induced IRAVs appear to be much weaker than those for holes, also indicating a smaller degree of localization. Thus, with our spectroscopic probe we are afforded direct access to microscopic details of the electronic structure and fundamental differences in electron and hole behavior that are not available from transport measurements alone due to extrinsic effects (contact resistance, trapping, etc.).
To conclude this section, we comment on our previous studies investigating a similar class of small-bandgap polymers based on BBT [25] . We found a remarkable symmetry in the IR spectra for both positive and negative gate voltages that we originally attributed to the existence of a self-doped polymer. We did not find significant absorption for positive gate voltages attributable to mobile electrons and thus concluded a holedominated polymer was responsible despite often showing balanced ambipolar OFET transport. We now understand the origin of this self-doping to be due to severe electron trapping, resulting in a highly hole-doped "off" state (V GS = 0 V) to maintain electrostatic balance. The symmetry seen in the IR data is a result of enhancement/suppression of an existing hole polaron absorption in the unbiased polymer.
Our present work, where we observe distinct spectral features for both conducting electrons and holes, underscores the need for an extremely low pressure environment (<10 −5 mbar) afforded to us by using a high-vacuum cryostat. We were unable to reproduce gate-induced absorption data shown in Figs. 3 and 4 in our broadband FTIR spectrometer, where the ambient pressure is 2 mbar, without the use of a cryostat. Such a drastic dependence on ambient conditions indicates that charge trapping from water moisture and ambient air dominates the bias stress in these small-gap DA polymer devices, as well as trap states from the SiO 2 interface [24, 30, [53] [54] [55] [56] .
C. Infrared microscopy
Having established the spectral features associated with mobile electrons and holes in PDPPBBT, we employed IR microscopy to probe the charge injection landscape and dynamic response with 20-μm spatial resolution, much smaller than the OFET source-drain separation (d = 200 μm). For various voltage configurations, we expect very different carrier distributions in the transistor channel, especially during ambipolar operation when both negative and positive charges contribute to the current. Figure 5 (a) shows representative IR absorption microscopy spectra for the PDPPBBT device biased in the ambipolar regime, where V GS = +80 V and V DS = +120 V, as a function of position. The format of Fig. 5(a) is a three-dimensional (3D) plot using a logarithmic color scale to indicate the strength of absorption, and a two-dimensional (2D) color-map projection of the IR spectra in the base plane as a visual aid. Starting from the source (x = 0 μm), we find strong electron polaron absorption at the charge injection point (V GS = +80 V). As the lateral drain field is increased, charges flow from the source to drain, and the current increases. At the same time, however, the strength of the gate field also decreases as the drain is approached, where the potential is
As x increases, we see a systematic decrease in the strength of the electron polaron absorption until an electrically neutral point of zero potential is reached close to the drain, near x = 150 μm. After this crossover point, the channel potential is now negative with respect to the gate, resulting in a negative electric field and an injection of holes. This is reflected by an increase in absorption due to the accumulation of mobile holes. At the end of the conduction channel, where the drain potential is V GD = −40 V, we find a moderate hole polaron absorption.
Gray dotted lines in Fig. 5(a) from Fig. 3 (ω e = 3981 cm −1 , ω h = 3413 cm −1 ). Figure 5 (b) shows IR absorption curves representing selected spectral slices taken from the 3D plot in Fig. 5 (a) (colored horizontal lines). The shaded color curves in Fig. 5(b) directly visualize the transition from electron polaron absorption (blue spectra) before the charge-neutral point near x = 150 μm to hole polaron absorption (red spectra) as the drain at x = 200 μm is approached. We do observe small shifts in polaron peak frequencies compared to the electrostatically doped device shown in Fig. 3 ; however, the distinction between electron and hole polarons is quite clear. We have repeated these experiments for other ambipolar biasing configurations, and the same charge-carrier-crossover behavior was observed, with polaron peak positions in general agreement with absorption spectra in Fig. 3 .
From the strength of the polaron absorption, we can quantify the accumulation of mobile carriers in the transistor channel. Conventionally, the optical functions of a material are connected to the density of charges via the frequency sum rule [57] :
We define a similar quantity N eff proportional to the density of injected electrons or holes as
The differential spectra are integrated only over the broad polaron absorptions from 2000 to 5000 cm −1 .
Having established a quantitative measure of field-induced IR absorption, we connect the strength of this resonance directly to the number of charges, which can be independently calculated either by assuming a simple capacitative model,
or by measuring transient charging currents and thus calculating the total number of injected charges. The obtained doping-induced carrier density n 2D can then be correlated to the integrated intensity of the polaron absorption N eff . We have previously shown this approach to be consistent with the linear capacitor model of an OFET [25, 58] . We performed similar IR microscopy for four biasing regimes. Figure 6 shows a spatial map of the carrier density n 2D throughout the transistor channel, extracted from the totality of spectroscopic data for the respective gate and drain voltage configurations. The color of the shaded areas indicates the carrier type (red: holes, blue: electrons). For unipolar hole and electron operations [Figs. 6(a) and 6(b), respectively], we find a slow but steady suppression of the polaron absorption from the source to the drain electrode, where the charge density is pinched off.
During ambipolar device operation [Figs. 6(c) and 6(d)], there exist spatially separated hole-rich and electron-rich regions in the transistor channel, indicated by the red (hole) and blue (electron) shaded areas. The size of these regions, as well as the position of the electron-hole boundary, is determined by both the drain potential along the channel relative to the gate and the carrier threshold voltage V th . On a microscopic level, the interface between electron-and hole-doped regions contains an area of carrier recombination with a finite width. Simulations and modeling of ambipolar transistors with Langevin recombination of holes and electrons predict the spatial extent of this region to be from hundreds of nanometers to several microns [59] [60] [61] . This recombination zone forms the basis for light-emitting field-effect transistors and has been experimentally measured for different polymer systems to be ∼2 μm [ The 2D charge density n 2D was extracted by comparing the integrated polaron absorption N Pol eff at each location to that obtained from the electrostatically doped configuration in Fig. 3 and assuming linear device operation (top inset in Fig. 3 ), typically valid for SiO 2 -based OFETs [25] . diffraction-limited beam, however, is on the order of the wavelength of IR light (10-15 μm). As a consequence, our IR beam will average over the recombination zone as well as small regions of weak electron and hole doping, resulting in an insignificant net change in the IR absorption, as seen in Fig. 5 at x = 150 μm. Thus, we cannot fully spatially resolve the recombination zone with IR microscopy alone, yet we are still able to directly observe the crossover from electron-to hole-induced excitations on a slightly larger length scale.
These data confirm the well-established notion that the charge density in the saturation regime of an OFET is highly nonuniform, which comes directly from the conventional equations for field-effect transistors [1] . However, very few studies have directly imaged this behavior using IR spectroscopy [56] , and to our knowledge such spatiospectral mapping has never been demonstrated for an ambipolar organic system in the IR range. Since the saturation regime is most often invoked to estimate carrier mobility, a detailed account of the carrier distribution in the conduction channel, as well as the microscopic details provided by the spectroscopic features, is very useful for developing accurate models of OFET transport. This is especially important for ambipolar and lightemitting devices, where there is electron/hole coexistence in the transistor channel, as well as potentially important intrinsic differences between positive and negative charge carriers, as we have shown.
IV. SUMMARY
In summary, we have performed a systematic IR investigation of ambipolar charge injection in a small-bandgap DA copolymer PDPPBBT. We register distinct absorptions associated with negative and positive polarons and uncover an intrinsic electron/hole asymmetry in the electronic structure of the DA system. Using diffraction-limited IR microscopy, we explored the evolution of the polaronic absorptions along the conducting channel of a functional PDPPBBT OFET, biased in both unipolar and ambipolar operating modes. In the ambipolar regime, we observe a spatial transition from hole to electron polaron absorption, indicating the coexistence of both charge carriers in the transistor channel akin to a p-n junction diode [65] . Last, from the strength of the polaronic response, we constructed a spatial map of the charge carrier density from the source to the drain electrode in the various biasing regimes. Our microscopic IR beam directly probes, energetically and spatially, the electronic excited states and low-energy dynamics associated with charge injection in small-bandgap DA polymer systems. Thus, we have demonstrated that IR microscopy combined with electrical transport measurements provides a comprehensive experimental approach with access to important details of the electronic structure, as well as a real-space charge-density profile of functional transistor devices. This allows for a much more thorough and accurate characterization and modeling of transport behavior in organic semiconductors, especially ambipolar polymer systems.
